Introduction
============

Stress is the most common and serious condition affecting the intensive livestock breeding industry. For example, when poultry are exposed to high temperatures, many indicators such as food consumption, growth rate, feeding efficiency, eggshell quality and survival ability decline \[[@B9][@B35]\]. Biochemical and structural changes occur widely in the heart, liver, kidney and other organs of post-stressed animals \[[@B4][@B5][@B37]\]. Stress can induce specific pathological damage in the myocardium of heat-stressed broilers, as well as in transported pigs, and may even cause death \[[@B38][@B39]\]. Acute heart failure may be correlated with these stress phenomena. Although several factors and physiological reactions have been identified to date, the mechanisms underlying heat-induced heart failure are not completely understood \[[@B17]\].

All living organisms respond to environmental stresses by synthesizing a variety of proteins, originally known as heat shock proteins (Hsps). Hsps can be divided into six families of sequence-related proteins based on their molecular weights, small Hsps, Hsp40, Hsp60, Hsp70, Hsp90, and Hsp110 \[[@B22]\]. Among various forms of Hsps, the Hsp90 family, which is found in all kingdoms except archaea, is the most frequently expressed stress protein. Hsp90 is highly conserved in unstressed cells and inducible in response to cellular stress factors \[[@B7][@B30]\]. In addition to cell signaling and tumor repression, the functions of Hsp90 include enfolding synthesized proteins and stabilizing and refolding denatured proteins after stress, thus maintaining normal cell activity \[[@B31]\]. Under heat stress (HS), the expression of Hsp90 is necessary for viability. Yeast cells showed a temperature-sensitive phenotype under conditions in which the levels of cytosolic Hsp90 were reduced to 5% to 10% \[[@B29]\].

Nonsteroidal anti-inflammatory drugs (NSAIDs), originally identified as cyclooxygenase activity inhibitors that mediate inflammatory reaction, have been reported to modulate the HS response in yeast, drosophila and mammals \[[@B10][@B20]\]. Aspirin is an NSAID with antipyretic properties that is used for the reduction of fever, as well as to prevent coronary artery disease and stroke. Aspirin treatment has also been shown to lower the temperature threshold needed to induce Hsps gene transcription and promote thermotolerance \[[@B2]\]. Long-term administration of aspirin results in development of resistance to aspirin-induced mucosal damage, as well as increased Hsp expression correlated with mucosal resistance to aspirin \[[@B14]\]. In the fish cell line, CHSE-214, co-exposure to aspirin and heat shock (24℃) enhanced and prolonged heat shock-induced Hsp70 expression, presumably through activation of heat shock factors (HSFs). In contrast, heat exposure-induced Hsp90 expression is inhibited by these NSAIDs \[[@B19]\].

The above-mentioned studies primarily focused on the expression and mechanism of Hsps in various organisms or cells. Aspirin has been investigated in many studies of HS response, especially in resistance and adaptation studies. When compared with other kinds of domestic animals, poultry are more sensitive to higher ambient temperatures \[[@B8]\]. However, few studies have investigated the induction of Hsp90 and influence of aspirin on chickens exposed to heat treatment. In the present study, changes in myocardial damage-related enzymes and histopathological lesions, as well as changes in expression of Hsp90 induced by aspirin in chicken heart cells, and the possible protection offered by aspirin to myocardial cells subjected to HS were studied.

Materials and Methods
=====================

Experimental design
-------------------

A total of 270 one-day-old specific pathogen free chicks were obtained from Qian Yuan Hao Biotechnology Company, Nanjing, China, and raised in an artificial climate chamber at 25 ± 1℃ and 75% humidity. The broilers were vaccinated against Newcastle disease and infectious bursal disease on day 7 and 14, respectively. After 21 days of adaptation feeding, the chickens were divided into three groups of 90 at random. Chickens in the HS group were heat-stressed without aspirin administration, while those in the aspirin administered before HS (ASA+HS) group were heat-stressed after oral administration of aspirin at 1 mg/kg body two hours before exposure to heat and those in the aspirin administration (ASA) group were only administered oral aspirin two hours in advance without HS. After aspirin administration, all chickens from the HS and ASA+HS groups were exposed to HS by rapidly increasing the air chamber temperature from (25 ± 1)℃ to (40 ± 1)℃ while maintaining the humidity at 80% for 0, 1, 2, 3, 5, 7, 10, 15 and 24 h, respectively. The chickens in ASA were maintained under normal conditions after oral administration of aspirin for the designated time. Birds were allowed free access to a commercial broiler feed and water *ad libitum* during HS. At each designed time point of HS, 10 experimental chickens were humanely sacrificed by decapitation after collecting blood samples. Heart samples were collected, and specimens for morphological studies were fixed in 10% formalin, while those for biochemical analysis were frozen in liquid nitrogen. Clinical symptoms such as breathing, water intake and mental state were also recorded at the same time.

The experiment was undertaken following the guidelines of the regional Animal Ethics Committee and approved by the Institutional Animal Care and Use Committee of Nanjing Agricultural University.

Detection of heart damage-related enzymes in the serum of chickens
------------------------------------------------------------------

A total of 1.5 mL of serum from each chicken was collected after exposure to different periods of HS. The enzyme activities of aspartate aminotransferase (AST), creatine kinase (CK) and lactate dehydrogenase (LDH) in the samples were measured using commercial kits according to the manufacturer\'s instructions (Nanjing Jiancheng Biochemical Reagent, China) and using a clinical biochemical indicator auto-analyzer (Vital Scientific NV, The Netherlands). Each sample was analyzed three times, after which the enzyme activities were determined as unit of enzyme activity/L (U/L).

Histopathological examination of heart tissues in experimental broilers
-----------------------------------------------------------------------

The fixed specimens were embedded in paraffin, after which serial sections (5 µm thick) were cut from the paraffin-embedded blocks. Following dewaxing with xylene and hydration with different concentrations of alcohol, sections were stained with hematoxylin and eosin (H&E) for 5 min and 1 min, respectively, and sealed with neutral balsam. The slices were examined by light microscopy (CX41; Olympus, Japan).

Immunohistochemical detection
-----------------------------

Serial sections of the heart tissue were immunostained using the standard avidin-biotin complex (ABC) immunoperoxidase detection system. After the sections were deparaffinized in xylene, hydrated with ethanol, and rinsed with distilled water, endogenous peroxidase was blocked using 3% H~2~O~2~ for 15 min at room temperature (RT). Following further rinsing with PBS, heart tissue sections were boiled in citrate buffer (pH = 6) for 20 min to retrieve the antigen. The slides were then blocked by incubation with 5% BSA for approximately 30 min at 37℃. Next, sections were incubated with rat primary antibodies raised against Hsp90(α) (ADI-SPA-840; Enzo, USA) in a 1: 50 working solution of 1% BSA at 37℃ for 1 h in a humidified chamber. After washing with PBS, the slides were incubated with HRP-labeled Goat Anti-Rat IgG (diluted 1:250 in PBS Tween-20; HD0005-1; Dingguo, China) for 1 h. Following treatment with two drops of readymade diaminobenzidine (DAB) substrate chromogen solution (Ar1022; Boster, China) for 10 min, the reaction was stopped by adding water. Next, the sections were counterstained with hematoxylin and immunohistochemical images were obtained under light microscopy. The corresponding negative controls were prepared by omitting the antibody.

Detection of *hsp90* mRNA by fluorescent quantitative real-time PCR
-------------------------------------------------------------------

Total RNA was isolated from heart tissues in all of treatment groups using TRIZOL reagent according to the manufacturer\'s instructions (Invitrogen, USA). The concentration of RNA was measured at 260 nm using a spectrophotometer (Stratagene Mx3000P; Thermo Fisher Scientific, USA). Serial dilutions of RNA were prepared with ribonuclease-free water, after which 2 µg of each sample was reverse-transcribed using the Transcript M-MLV kit (Invitrogen) following the manufacturer\'s protocols and stored at −80℃. Moloney murine leukemia virus (M-MLV) reverse transcriptase has higher stability and lower intrinsic RNase H activity than AMV reverse transcriptase. Random decamers and oligo (dT) were provided in the RETROscript Kit (AM1710; Ambion, USA). The sequences of *hsp90* and *GAPDH* were obtained from the National Center for Biotechnology Information (NCBI) GenBank database (accession Nos. X07265, and K01458, respectively). These sequences were used to design primers with the Primer Premier 5.0 software for conventional and RT-PCR amplification. The designed primer sequences were as follows: 5\'-AGTCCCAGTTCATTGGC TAC-3\' and 5\'-TCCAGTCATTGGTGAGGCT-3\' for *hsp90*; and 5\'-TGAAAGTCGGAGTCAACGGAT-3\' and 5\'-ACGC TCCTGGAAGATAGTGAT-3\' for *GAPDH*. Using the extracted total mRNA as a template in a 25 µL reaction system, *GAPDH* and *hsp90* fragments were amplified by qPCR. The qPCR products were analyzed by 1.5% agarose gel electrophoresis. Quantitative real-time PCR amplification was performed using an iCycler iQ real-time PCR detection system (Bio-Rad Laboratories, USA). Test samples were assayed in a 25 µL reaction mixture system. The thermal profile for real-time RT-PCR consisted of 45 min reverse transcription at 42℃ and 1 min initial denaturation at 95℃, followed by 40 cycles of PCR at 94℃ for 30 sec (denaturation), 56℃ for 30 sec (annealing), and 72℃ for 30 sec (extension). The reaction system and procedure for *GAPDH* was the same. The quantity of *hsp90* mRNA was normalized to that of *GAPDH* using the following algorithm: where Ct is the cycle threshold.

Hsp90 expression levels detected by enzyme-linked immunosorbent assay
---------------------------------------------------------------------

After sufficient washing in ice-cold phosphate-buffered saline (PBS), the heart samples were homogenized on ice using an Ultra-Turrax homogenizer, then centrifuged at 12,000 × g for 20 min at 4℃. The supernatant was collected and stored at −20℃ for protein quantification. The levels of Hsp90 in the hearts of chickens were measured using commercially available ELISA kits (P17142998; CUSABIO, USA). Immunological detection of the proteins was performed according to the manufacturer\'s instructions. Quantification of samples was conducted using a standard concentration curve constructed from the detection results of a serial dilution standard sample provided by manufacturer.

Statistical analysis
--------------------

Differences between HS groups and the control group were analyzed by one-way analysis of variance (ANOVA), followed by the least significant difference (LSD) multiple comparison test using the Statistical Package for Social Sciences (SPSS ver. 20.0 for Windows; IBM, USA). Results were expressed as the mean ± standard deviation (SD). *P* values \< 0.05 (^\*^) or \< 0.01 (^\*\*^) were considered statistically significant. All experiments were performed in triplicate (n = 3).

Results
=======

Clinical symptoms
-----------------

Experimental chickens were raised adaptively to be in good physical condition and without any abnormity of their mental state before HS. The broilers in the HS group started to show mouth breathing, increased respiratory rate, and uneasiness immediately upon exposure to HS. The mouth breathing became more rapid as the HS continued. Additionally, water consumption increased and feed intake decreased correspondingly. The body temperature of the heat stressed chickens increased to 43℃. During the later period of HS, experimental chickens laid down and had difficulty opening their eyes. Birds in the ASA+HS group began to flap their wings, and increased their water consumption and respiratory rate significantly after 2 h of HS. Chickens in the ASA group behaved normally for the duration of the test.

Variations in damage-related serum enzyme activities after HS
-------------------------------------------------------------

The levels of the damage-related serum enzymes AST, CK and LDH from different groups are shown in [Fig. 1](#F1){ref-type="fig"}. The activity of AST in the serum of chickens from the HS group increased continuously after heat exposure. Significant induction started from 10 h of HS (*p* \< 0.01) and was maintained at a high level after 15 h of HS (*p* \< 0.01) relative to normal chickens without HS. The AST levels of chickens from the ASA+HS and ASA groups showed no significant variations. The level of CK in the serum of the chickens from the HS group displayed an increasing tendency, with obvious induction from 3 h of HS, with a higher level maintained from 15 h of HS (*p* \< 0.01) until the end of the experiment (*p* \< 0.01). There was no significant change in the CK of the serum of chickens from the ASA+HS and ASA groups until the end of the experiment, although the CK in the ASA+HS group showed a decreasing tendency (*p* \> 0.05) from 3 h to 10 h of HS. Compared with the higher level in the HS group, the LDH activity in the serum of chickens from the ASA+HS group was much lower, except for a temporary induction at 3 h (*p* \< 0.05) to 5 h (*p* \< 0.01) of HS. There was no change in LDH induction in the chicken serum from the ASA group except for a transient increase at 7 h.

Histopathological examination
-----------------------------

The histopathological lesions of chicken myocardial cells in the HS, ASA+HS and ASA groups after heat treatment *in vivo* are shown in [Fig. 2](#F2){ref-type="fig"}. The myocardial cells from chicken heart tissues in the HS group were swollen and enlarged. Additionally, they showed granular degeneration characterized by numerous fine and tiny granules in the cytoplasm, as well as vacuolar degeneration characterized by tiny water droplets in the cytoplasm soon after exposure to HS. Necrosis, which is characterized by pyknosis in the myocardium cells and partly dissolved muscle fibrils in myofibers, was occasionally observed in some areas of the heart. The acute degeneration was continuous until the end of HS, and the damage to myocardial cells was more serious. In the ASA+HS group, hemangiectasis and hyperemia were obvious in heart tissues at 0 h of HS. Although the severity of lesions in the ASA+HS group was obviously weaker than that of the HS group, signs of acute degeneration, such as enlarged cells, granular degeneration and vacuolar degeneration in the myocardial cells, were also observed early in HS (from 0 to 5 h of heat exposure) in the ASA+HS group. After 10 h of stress treatment, the swollen myocardial cells were characterized by numerous granular particles in the cytoplasm. However, in the ASA+HS group, few myocardium nuclei with pyknosis were observed during the later period of HS. No obvious histopathological lesions were observed in the ASA groups from the beginning to the end of the experiment, except for hemangiectasis and congestion.

Immunohistochemical assays
--------------------------

The location and distribution of Hsp90 positive signals in the myocardial cells and the heart vessels of the heat-treated chickens are shown in [Figs. 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}. Immunohistochemically, the positive signals of Hsp90 were located in the nucleus and the cytoplasm of myocardial cells of the chickens in the HS, ASA+HS and ASA groups in the form of intensely immunoreactive granules. In addition, intense immunoreactivity was primarily located in the nuclei and perinuclear cytoplasm of normal chicken myocardial cells *in vivo*. However, the density of Hsp90 positive signals changed with HS. In the HS group, the density of Hsp90 positive signals in the nucleus and the cytoplasm of myocardial cells increased immediately upon exposure to heat (panel B in [Fig. 3](#F3){ref-type="fig"}), and obviously stronger signals were observed in the nucleus (panel B in [Fig. 3](#F3){ref-type="fig"}). After a lower density at 5 h and 10 h of HS (panel C in [Fig. 3](#F3){ref-type="fig"}), the Hsp90 signal density became stronger again at 24 h of HS (panel D in [Fig. 3](#F3){ref-type="fig"}).

Following oral administration of aspirin to the ASA+HS group, similar and much stronger distributions of Hsp90 positive signals in the nucleus and the cytoplasm of chicken myocardial cells were observed. Relatively higher levels of Hsp90 proteins were detected at 0 h in the myocardial cells of the chickens in the ASA+HS group, which had been pretreated with aspirin for 2 h before heat treatment compared with that of chickens in the HS group. The Hsp90 signal density in the cytoplasm became lower at later times of HS. However, the nuclei of cardiocytes still showed a relatively distinct reaction. The Hsp90 signal in the myocardial cells of chickens in the ASA group also showed high density at the beginning of the test, followed by a decline at 2 h and a moderate increase during the later period of the test. Strong immunoreactivity of Hsp90 was always detected in cellular nuclei during the experiment.

Interestingly, Hsp90 positive signals were also detected in the arteries and veins of the heart tissue ([Fig. 4](#F4){ref-type="fig"}). The fine Hsp90 signals were scattered along the walls of the blood vessels, especially in the nuclei and cytoplasm of endothelial cells of both the heat stressed and the heat stressed plus aspirin chickens. Stronger and more persistent immunoreactive staining was observed in the artery, especially in the endothelial cells of ASA+HS chickens (panel C in [Fig. 4](#F4){ref-type="fig"}). Similar results were detected in ASA chickens.

Variations in *hsp90* mRNA transcription in chicken heart tissues after stress
------------------------------------------------------------------------------

The transcription levels of *hsp90* mRNA are shown in [Fig. 5](#F5){ref-type="fig"}. After exposure to HS, the transcription level of *hsp90* mRNA in chicken heart tissues from the HS group remained steady and changed only slightly (*p* \> 0.05) for 5 h. The induction of *hsp90* mRNA transcription started at 7 h (*p* \< 0.05) and obvious induction of *hsp90* mRNA transcription was displayed at 15 h, and especially at 24 h, of HS (*p* \< 0.01). However, significant induction of *hsp90* mRNA transcription (*p* \< 0.01) was observed in the heart tissues from chickens in the ASA+HS group at 0 h of HS (after 2 h of aspirin administration). The transcription level of *hsp90* mRNA decreased significantly and remained at lower levels until 15 h and 24 h of HS. Significant induction of *hsp90* mRNA transcription (*p* \< 0.01) started again after 15 h of HS. During heat exposure, while there were fluctuations in the transcript levels, *hsp90* mRNA in the heart tissues of chickens subjected to aspirin in the ASA+HS group was maintained at much higher levels (*p* \< 0.01) compared to every heat treatment time for chickens from the HS group. Although it was always significantly higher (*p* \< 0.01) than that in normal chicken hearts tissues, *hsp90* mRNA in ASA decreased gradually to a low level during the experiment.

Variations in Hsp90 expression in heart tissues after HS
--------------------------------------------------------

Variations in the amount of Hsp90 in chicken heart tissues after exposure to heat are shown in [Fig. 6](#F6){ref-type="fig"}. As soon as HS started, the expression of Hsp90 in the chicken heart tissues from the HS group gradually increased and reached higher levels (2-fold higher) at 2 h of HS (*p* \< 0.01) compared with that at 0 h (control). After an obvious reduction at 3 h, the expression levels of Hsp90 increased gradually from 5 h, reaching 2-fold higher levels again at 15 h and 24 h of HS (*p* \< 0.01, respectively) compared with the level at 0 h. In the ASA+HS chickens, the level of Hsp90 protein detected in the heart tissues was dramatically and significantly elevated by 3-fold before heat exposure after 2 h of oral aspirin administration. At 2 h after exposure to HS, the levels of Hsp90 increased (*p* \< 0.01) after undergoing a brief drop at 1 h of HS. With increased exposure to heat, the expression levels of Hsp90 in the heart tissues of the ASA+HS chickens remained steady, except for an obvious increase (*p* \< 0.01) at 15 h of HS. Hsp90 expression in the ASA group showed a similar increase (*p* \< 0.01) at the beginning of the test. After a reduction between 1 h to 2 h of stress, Hsp90 was maintained at a significantly higher level than in normal chicken tissues, but was lower than that of chicken heart in the HS group during the later period of the test.

Discussion
==========

Stress responses can be studied using indicators such as clinical behavior, blood constituents and histological diagnoses, which can indicate tissue damage \[[@B39]\]. Increased levels of CK, CK-MB AST, ALT and LDH are consistently correlated with cardiac infarcts. Therefore, these indicators are used to investigate heart damage in livestock \[[@B34]\]. CK is usually detected in muscles and cardiac muscle fibers after intensive physical suffering of animals. In response to myocardial injury from external stress, CK is released from myocardial cells into the blood, increasing the serum CK activity \[[@B37]\]. Heart and liver diseases or damage are always accompanied by elevated blood levels of AST \[[@B36]\]. *In vitro* tests showed that the LDH content is a sensitive parameter of myocardial damage \[[@B6]\]. In the present study, heart damage was monitored in real-time during HS based on fluctuations in AST, CK and LDH. Exposure to HS induced a significant elevation of plasma AST, CK and LDH activity in experimental chickens, which implied severe, acute heart damage during prolonged HS. However, the levels of these enzymes in ASA+HS chickens that had been treated with aspirin showed no significant changes, which was indicative of normal cardiac function. Histopathological examination of heart tissues of the ASA+HS birds revealed more mild pathological lesions, which were characterized by enlarged myocardial fiber size and granular degeneration compared with the features of vacuolar degeneration, nuclear shrinkage, and myocardium fragmentation observed in the cardiac muscle fibers of HS birds. Taken together, these results indicated that aspirin plays an important role in preserving heart structure and function. However, the hemangiectasis and hyperemia induced by aspirin to improve blood flow to important organs (heart tissue), which was partly responsible for remission of myocardial ischemia and then myocardial damage from HS, was also observed in the ASA+HS group and in the ASA group after administration of aspirin.

Hsps can mediate stress protection, although HS is thought to be among the most common and worst stressors for chicken \[[@B5][@B37][@B38][@B39]\]. Aspirin has analgesic, anti-inflammatory, anti-pyretic and anti-thrombotic activities, and it has become accepted that it can induce HS proteins to enhance thermotolerance \[[@B2]\]. The different expression levels and location patterns of Hsp90 observed in myocardial cells from different treatment groups may have several functions. Immunohistochemistry and ELISA demonstrated that, before HS (0 h) the distribution density of Hsp90 in the cytoplasm and nuclei of chicken myocardial cells of the ASA+HS group was significantly higher than the expression of Hsp90 in the HS group. Environmental stress often stimulates demand for ATP in stressed cells, which induces damage to cytoskeletal structures. As a molecular chaperone, Hsp90 makes a significant contribution to stabilization of the intracellular protein structure and preservation of the integrity of the cytoskeleton by binding to actin and tubulin, the major constituents of the cell cytoskeleton, especially after stress \[[@B16]\]. Hsp90 is also a key player in the refolding of denatured proteins into their proper conformation, which maintains cellular homeostasis during the cell\'s response to stress \[[@B27][@B31]\]. Therefore, the specific pre-induction of Hsp90 by aspirin treatment in the myocardium may be sufficient preparation to respond to HS, in which Hsp90 functions to clear denatured proteins, activate related kinases and transcription factors, and guarantee correct protein maturation. The present study revealed that, in the HS group, the amount of Hsp90 in the nuclei decreased during HS, and this decrease was accompanied by a reduction in the cytoplasm. However, the Hsp90 signal in the nuclei was maintained at relatively high levels in the ASA+HS group, regardless of its decline in the cytoplasm. It has been reported that the selective expression of Hsp90 and its cellular redistribution are involved in transcription of genes that encode a protein or proteins connected with stress resistance \[[@B5]\]. In HeLa cells transfected with heat shock transcription factor (HSF4), less Hsp90 was synthesized, while Hsp72 expression was maintained \[[@B26]\]. Therefore, the intracellular Hsp90 expression in myocardial cells after treatment with aspirin might be related to the mechanism by which myocardial cells synthesize other HS proteins that are more sensitive to HS to protect them from myocardial ischemia. For example, Hsp70 is induced by aspirin\'s effect on certain HSFs \[[@B24]\]. Intracellular Hsp90 is reorganized from the cytoplasm to the nucleus upon stress, which results in protection of genetic material and its regulation following stress events. These findings agreed with those of a previous study \[[@B33]\]. Aspirin also promoted the self-protective translocation of Hsp90.

The protection offered by Hsps in the blood capillaries has been studied \[[@B21][@B38]\]. The results of the present study verify those of a previous study, in which Hsp90 was reported to be located in endothelial cells and vessel walls of heart arteries \[[@B5][@B38]\]. Notably, the positive signal of Hsp90 was also detected in the endothelial cells of vein walls of chicken heart tissues, with or without HS. These are crucial for vasoconstriction, which influences blood reallocation for the whole body and backflow to the heart. It has been reported that the protection of pig hearts via Hsps was weakened during transportation, resulting in hypoxia from blood vessel constriction based on reductions in Hsp70, Hsp86, Hsp90 and Hsp27 levels \[[@B5]\]. The present study revealed that, as the duration of HS increased, the amount of Hsp90 in arterial endothelial cells and vessel wall cells in the ASA+HS group remained at a high level, while it gradually declined in the heart arteries of the HS group. Although an animal\'s stress response decreases over time when exposed to the same stressors \[[@B18]\], aspirin can reverse this weakening trend, at least in the cardiovascular system.

The semi-quantitative results in the present study showed a gradual and transient increase to a peak value in the expression of Hsp90 in the HS group during 2 h of HS. In contrast, after 0 h to 2 h of HS, administration of aspirin in the ASA+HS group induced a rapid increase in Hsp90 synthesis, except for a consumptive decline in cellular stress-protection at 1 h. Elevation of Hsps in the heart contributes to protection against ischemia and reperfusion-associated damage \[[@B32]\]. For example, reports showed that high levels of Hsp90 resulted in significantly greater survival of myocytes during HS, while heat exposure induced irreversible damage and death of certain myocardial cells owing to a decline in Hsp90α levels \[[@B11][@B12]\]. Hsp90 regulates the activity of specific enzymes and hormone receptors, as well as the transcription of other Hsps by an association with transcription factors \[[@B25]\]. The earlier high expression of Hsp90 in ASA+HS may have produced a significant preexisting protection from acute HS, which was correlated with milder pathological changes in the ASA+HS group compared to the HS group over the same time period. This protective effect of Hsp90 also correlated with stable LDH and CK activity relative to their significant increases (*p* \< 0.01) in the HS group. Interestingly, Hsp90 expression in the ASA+HS group remained at a relatively low level after 5 h of heat treatment, while it remained high in the ASA group. It has been reported that Hsp90 has three structural domains, the N-terminal domain, the middle domain and the C-terminal domain, through which two Hsp90 proteins are connected to form a dimer to function \[[@B13]\]. According to the results of the present study, the transformation of Hsp90 to functional dimers may be reinforced by co-treatment of aspirin and heat for better cell protection during HS, which could result in the relatively low level of Hsp90 that was observed in the ASA+HS group during the late experimental period. However, further study is needed to elucidate the mechanism in detail. In addition, Hsp90 overexpression in the ASA group was lower than that in the HS group in the later stages of the experiment, indicating that the induction of Hsp90 by aspirin at the tested dose was weaker than that of HS at 42℃ in the adaptive cells.

Changes in *hsp90* mRNA transcription in chickens with and without treatment by aspirin exposed to HS were detected in the present study. The difference between transcription and translation during the course of heat exposure alone was observed, similar to previous reports \[[@B38]\], which may be a consequence of complicated post-transcriptional mechanisms depending on a number of factors in addition to mRNA levels \[[@B3][@B28]\]. The expression of other HSP families could also influence the synthesis of Hsp90, as validated in the rat stomach \[[@B1]\]. As expected, aspirin induced the expression of *hsp90* mRNA throughout exposure to HS and in non-stress chickens. A previous study indicated that aspirin induces heat shock factor-1 (HSF-1) and facilitates its binding with DNA, but did not stimulate Hsp90 gene expression *in vitro* \[[@B15]\], which is not consistent with the present results. Aspirin caused HSF-1 to be phosphorylated at threonine and form an HSF-1-HSE complex, which is necessary but insufficient to activate transcription, while HS could induce the HSF-1-HSE complex fully \[[@B15]\]. According to this theory, aspirin pretreatment alone seemed to be insufficient to cause heat shock gene transcription, which was not consistent with the results of the ASA+HS and ASA groups. However, HSPs transcription and expression involves four heat shock factors (1--4) and is regulated in a complex manner. For instance, HSF-2 also plays important roles in heat shock genes transcription \[[@B23]\]. It is possible that *hsp90* mRNA expression may only be partly HSF-1-dependent, and that another HSPs regulation pathway possibly involving HSF-2 or other factors also contributes to the expression of *hsp90* mRNA. When combined with the results observed in the ASA+HS group after exposure to HS, subsequent HS may be able to convert the aspirin-induced inert HSF-1-HSE complex into a fully functional complex, causing co-stimulation with aspirin and leading to higher *hsp90* mRNA transcription. However, the detailed mechanisms responsible for this remain to be elucidated.
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![Temporal changes in enzyme activities in the serum of experimental chickens. (A) The levels of aspartate aminotransferase (AST) showed an obvious increase from 10 h of heat exposure in the heat stress (HS) group to the end of the test, while the AST in the aspirin administered before heat stress (ASA+HS) and aspirin administration (ASA) groups stayed relatively stable. (B) The levels of creatine kinase (CK) showed an increasing tendency after 3 h of HS in the HS group, while no difference was detected in the CK of the ASA+HS and ASA group (except for a decline at 10 h). (C) The levels of lactate dehydrogenase (LDH) showed a significant increasing tendency in the HS group, with that of the ASA-HS group showing a marked rise after 5 h of HS, then returning to the basal level. No difference was detected for LDH in the ASA group, except for an increase at 7 h. Differences between levels of enzymes in every group at different times and that at 0 h in the HS group are indicated by ^\*^*p* \< 0.05, and by ^\*\*^*p* \< 0.01. U/L, unit of enzyme activity/L.](jvs-17-35-g001){#F1}

![Pathological changes in the myocardial fibers of tested chickens. (A--D) HS group. (E--H) ASA+HS group. (A) Heart tissue at 0 h of HS. (B) After 2 h of HS, the myocardial fibres showed the decreasing in size and granular degeneration characterised by numerous tiny granules in the cytoplasm (arrow). (C) After 5 h, vacuolar degeneration characterized by tiny water droplets in the cytoplasm, and partly dissolved muscle fibrils (arrow) was observed occasionally. (D) After 10 h, necrosis characterized by pyknosis (arrow) was evident. (E) At 0 h of HS, hemangiectasis and hyperemia were observed. (F) After 2 h, myocardial fibers sizes enlarged. (G) After 5 h, granular degeneration and vacuolar degeneration were observed occasionally (arrow). (H) After 10 h, swollen myocardial cells characterized by numerous cytoplasmic particles (arrow) were observed. H&E stain. Scale bar = 10 µm.](jvs-17-35-g002){#F2}

![Distribution Distribution of Hsp90 in the myocardial cells of tested chickens. (A--D) HS group. (I--L) ASA group. (E--H) ASA+HS group. (A) At 0 h of HS, Hsp90 was constitutively expressed in the nucleus and cytoplasm (arrow). (B) After 2 h, Hsp90 expression increased obviously. (C) After 5 h, the maximum intensity of Hsp90 signal weakened. (D) After 24 h, Hsp90 signal showed the second peak. (E) Before HS (0 h), cellular Hsp90 signal was extremely strong. (F) After 2 h of HS, extremely high Hsp90 expression was still observed. (G) After 5 h, cytoplasmic Hsp90 signal decreased while the signal in the nucleus did not (arrow). (H) After 24 h, Hsp90 signal was still present in the nucleus (arrow). (I) At 0 h of test, strong Hsp90 signal was detected in both the nucleus and cytoplasm. (J) The Hsp90 density decreased after 2 h. (K) Hsp90 level rebounded after 5 h, especially in the nucleus (arrow). (L) After 24 h, Hsp90 expression persisted in the cytoplasm and nucleus (arrow). Immunohistochemical staining with hematoxylin counterstain. Scale bar =10 µm.](jvs-17-35-g003){#F3}

![The location of Hsp90 in the blood vessels of the tested chickens. (A) Immunoreactive Hsp90 was observed in the endotheliocyte as well as in the vascular wall of heart artery in the HS group after 1 h of heat stress. (B) Hsp90 was identified in the vein wall cells of the HS group after 1 h of heat stress. (C) The strong, positive signal of the heart aortic endotheliocyte in the ASA+HS group was maintained at 24 h of heat stress. Immunohistochemical staining with hematoxylin counterstain. Scale bar =10 µm.](jvs-17-35-g004){#F4}

![Relative expression of *hsp90* mRNA in different groups. ^\*^*p* \< 0.05, ^\*\*^*p* \< 0.01 for the expression of *hsp90* mRNA in the HS, ASA+HS and ASA groups at different times compared with that at 0 h in the HS group. Values indicated are the mean ± SD.](jvs-17-35-g005){#F5}

![Levels of Hsp90 in the heart tissues of different groups of broilers. The difference between the expression level of Hsp90 in the HS, ASA+HS and ASA groups at different times of HS and that of 0 h in the HS group. ^\*^*p* \< 0.05, ^\*\*^*p* \< 0.01.](jvs-17-35-g006){#F6}
